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Abstract

For several decades, microglia were considered to be subordinated to neurons.
However, growing evidence indicates that microglia play key roles in the normal
functioning of the nervous system, as well as in age-dependent changes and
neurodegenerative diseases. As the brain ages, microglia acquire a phenotype
that can be increasingly inflammatory and cytotoxic (dysfunctional microglia),

M. Triolo-Mieses
Facultad de Ciencias de la Salud, Universidad San Sebastián, Santiago, Chile

Facultad de Química y Biología, Departamento de Biología, Universidad de Santiago de Chile,
Santiago, Chile
e-mail: maria.triolo@usach.cl

R. Fadic
Facultad de Medicina, Departamento de Neurología, Pontificia Universidad Católica de Chile,
Santiago, Chile
e-mail: rfadic@med.puc.cl

R. von Bernhardi (*)
Facultad de Ciencias de la Salud, Universidad San Sebastián, Santiago, Chile

Facultad de Medicina, Departamento de Neurología, Pontificia Universidad Católica de Chile,
Santiago, Chile
e-mail: rommy.vonbernhardi@uss.cl

© Springer Nature Switzerland AG 2022
R. M. Kostrzewa (ed.), Handbook of Neurotoxicity,
https://doi.org/10.1007/978-3-031-15080-7_180

57

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15080-7_180&domain=pdf
mailto:maria.triolo@usach.cl
mailto:rfadic@med.puc.cl
mailto:rommy.vonbernhardi@uss.cl
https://doi.org/10.1007/978-3-031-15080-7_180#DOI


generating a hostile environment for neurons. There is mounting evidence that
this process facilitates the development of neurodegenerative diseases, for which
the greatest risk factor is age. In neurodegenerative diseases, the abnormal
inflammatory response can depend on the impairment of the endogenous activa-
tion control of aging microglia that potentiate the release of potentially detrimen-
tal factors such as cytokines and oxidative stress mediators. This chapter will
discuss key aging-dependent changes occurring in microglia, the inflammatory
and oxidative environment they establish, their impaired regulation, and their
interaction and effect on neurons. In addition, the role of complement in the
neuron-microglia interaction and their modeling of neural circuits through
microglia-mediated phagocytosis in development will be highlighted, as well as
the growing evidence on its contribution in neurodegenerative processes.
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Abbreviations

ATP Adenosine triphosphate
bFGF Basic fibroblast growth factor
C3a Anaphylatoxin originating from activation and cleavage

of complement component 3
C3b By-products of the classical pathway of complement acti-

vation (C3)
C3d Breakdown products of C3b
C5a Anaphylatoxin originating from activation and cleavage

of complement 5
C5b By-products of the classical pathway of complement acti-

vation (C5)
CNS Central nervous system
CR3; CD11b/CD18 Complement receptor 3
CX3CL1 CX3C chemokine subclass (fractalkine)
CX3CR1 Fractalkine receptor
IFNγ Interferon gamma
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-10 Interleukin-10
LPS Lipopolysaccharides
MHC II Class II molecules of major histocompatibility complex
NGF Nerve growth factor
NMDA N-Methyl-D-aspartate
NO Nitric oxide
TGFβ Transforming growth factor β
TNFα Tumor necrosis factor α
TREM2 Triggering receptor expressed on myeloid cells 2
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1 Introduction

Microglia are the resident macrophages and professional phagocytes of the central
nervous system (CNS). They acquire a characteristic phenotype that distinguishes
them from blood-derived monocytes. Microglia have a highly dynamic surveillance
branched phenotype, which changes into various activated phenotypes in response to
diverse stimuli (Li et al., 2019; Simon et al., 2019), being the main orchestrators of
the neuroimmune response.

Microglia are in permanent surveillance of the brain environment. They undergo
changes in gene expression that confer them a dynamic response to environmental
changes (Subhramanyam et al., 2019). Through this monitoring, microglia detect the
environmental signals and transduce, integrate, and respond to them to maintain
brain homeostasis.

Microglia have an active role in both healthy and dysfunctional brains (Cherry
et al., 2014). There is increasing evidence of the existence of various microglia types
that show characteristic morphological and functional identities in diverse contexts,
recognizing functional states that can be distinguished from those observed in
neuroinflammation.

However, the role of microglia in a “healthy” context is not completely under-
stood, as well as their function during adulthood and aging. Experimental limitations
prevented to answer these questions until novel markers and in vivo techniques
revealed that microglia are highly active in the non-injured (Nimmerjahn et al.,
2005) and injured (Davalos et al., 2005) CNS.

2 The Microglia-Neuron Interaction

Neuron-microglia interactions are crucial for CNS development and homeostasis
(Li et al., 2012). Research in murine models shows that microglia engulf and eliminate
synapses during development, eliminating supernumerary neurons (Paolicelli et al.,
2011). This is coherent with experimental findings of neuronal hyperconnectivity in
the early stages of development, which progressively diminishes as the brain matures
(Marín-Teva et al., 2004). Microglia within the juvenile visual cortex modify their
association with dendritic spines in response to changes in visual sensory experience,
and they appear to phagocytose dendritic spines (Tremblay et al., 2010). While the
underlying molecular mechanisms are not clear, recent work has identified comple-
ment factors associated with the microglia that participate in this process (Schafer
et al., 2012).

Being such versatile cells, microglia can fulfill multiple functional roles that,
depending on environmental signals, allow them to adopt different phenotypes and
interact with neurons in various ways. The microglia secrete several neurotrophic
factors, such as nerve growth factor (NGF) and basic fibroblast growth factor
(bFGF), which help maintain neuronal cell survival and circuit formation (Ueno
et al., 2013). There is increasing evidence on the importance of neuron-microglia
crosstalk, their impact on neuronal activity, on the phenotypic changes in response to
neuronal injury, and their participation in various pathologies.
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Neurons present membrane receptors and secrete neurotransmitters and
neurotrophins to signal constantly their healthy or unhealthy state to the microglia.
Thus, neurons are not simply passive targets for microglia, but rather regulate their
activity through the expression of “on” and “off” signals (Simon et al., 2019) and,
therefore, can influence their activity either by activating them or by promoting their
inactivation (Biber et al., 2006), including multiple activated phenotypes (Fig. 1).
These signals are of different nature. The “on” signals are inducible, initiate a defined
program of microglial activation, and range from changes on the cell membrane,
pathogens, aggregates of abnormal proteins (e.g., β-amyloid), and apoptotic cells
(Biber et al., 2007). These ignition signals operate from endangered or damaged
neurons, because of the appearance of structures associated with bacterial cell walls,
viral envelopes or their DNA and RNA, identified as signs of infection, which can
initiate an inflammatory state of the microglia. The molecules released after tissue
damage are signals that induce particularly robust microglial responses, which adopt
a phagocytic phenotype, with shorter and less branched processes.

ATP is an important molecular chemoattractant mediating “find-me” signals for
immune cells. Microglial processes extend rapidly toward local tissue damage and to
locally applied ATP (Davalos et al., 2005; Elliott et al., 2009). The local increase of
neuronal activity by glutamate or a global alteration of neuronal activity induces

Fig. 1 Through the interactions of various cell interaction systems, neurons contribute to
maintaining microglia in a homeostatic phenotype. A dysregulation of key pathways impairs the
regulation and leads to a shift in the microglial phenotype to an activated inflammatory profile. C0

(complement system)
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changes in the morphology and motility of microglia, which processes are directed
toward highly active neurons and facilitate their contact. NMDA receptor activation
in dendrites triggers the release of ATP in a pannexin-1-independent manner induc-
ing the outgrowth of microglial processes in mouse hippocampal slices, suggesting a
purine-mediated neuron-microglia communication (Dissing-Olesen et al., 2014).
This process can also involve membrane depolarization-activated pannexin-1
hemichannels on neurons (Chekeni et al., 2010) and the activation of small Rho
GTPase Rac in microglia via ATP/P2 purinergic receptors, involved in cytoskeleton
dynamics (Haynes et al., 2006).

Signaling ensures adequate maintenance of the cleaning process until the resolu-
tion and repair of the initial damage, allowing the transition from a reactive inflam-
matory phenotype to a noninflammatory one to avoid neuronal damage in unaffected
brain areas.

The “off” signals are the direct responsibility of neurons. The neuronal signals
responsible for turning off microglia are, among others, chemokines. One of the
most relevant chemokines is CX3CL1 (fractalkine), which is constitutively present in
healthy neurons and can be membrane bound or soluble. It is not yet clear whether the
membrane-bound or the soluble fractalkine is responsible for the inhibition of micro-
glia (Ruqayya et al., 2020). Fractalkine receptor (CX3CR1) is expressed by microglia
(Crews et al., 2021; Verge et al., 2004). In wild-type mice, neurotoxic microglial
activity is suppressed by CX3CL1-CX3CR1 signaling. The genetic ablation of
CX3CR1 in various inflammation models and in microglia-neuron cocultures treated
with lipopolysaccharide (LPS) shows an increase in neuronal death in an inflammatory
environment in the absence of fractalkine signaling (Bruttger et al., 2015; Huang et al.,
2018; Vainchtein & Molofsky, 2020).

This delicate balance between surveillance and “inflamed” microglia undergoes
various changes. Microglia change as a function of aging and those changes translate
in a decreased capacity of microglia to carry out their homeostatic functions (Simon
et al., 2019). Given the cooperative interaction between neurons and microglia,
aging has a significant impact on neuronal integrity and function, as well as on
their protein expression (von Bernhardi et al., 2015; Beltrán-Castillo et al., 2018).

Dysfunctional or perturbed microglial homeostasis could have direct conse-
quences on the onset of neurodegenerative or neuropsychiatric disorders across the
whole lifespan (Ruqayya et al., 2020; Zhan et al., 2014). Impaired microglial
remodeling of neuronal circuits can impair learning and memory (Maggi et al.,
2011; Rogers et al., 2011; Nguyen et al., 2020). Fractalkine signaling deficiency
(Maggi et al., 2011; Rogers et al., 2011), microglial BDNF deletion (Parkhurst et al.,
2013), and microglial depletion (Zhan et al., 2014) have similar effects resulting in
cognitive impairment, motor behavior, and fear conditioning. In addition, CX3CR1
knockout mice display social interaction deficits that have been associated with
autism spectrum disorders in humans, both early in life and during adulthood
(Zhan et al., 2014).

Other mutations, like those in TREM2, a gene exclusively expressed by microglia
in the intact CNS, have been also associated with an autosomal recessive form of
early-onset dementia (Guerreiro et al., 2013) and to confer an increased risk of
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Alzheimer’s disease (AD) and neurodegeneration (Jonsson et al., 2013). Thus, in
disease conditions, glial cells can induce changes leading to neuronal dysfunction,
indicating the importance of neuron-glia interaction in the pathophysiology of
neurological disorders (Ruqayya et al., 2020).

3 Microglia and the Complement

Complement proteins are “eat me” signals that mark apoptotic cells and pathogens
for removal by macrophages that express C3 receptors (CR3; CD11b/CD18). They
are part of the innate immune recognition system and participate in the trafficking
and elimination of unwanted endogenous and exogenous material (Moriyama et al.,
2011) and are synthesized by neurons, microglia, astrocytes, and oligodendrocytes.
Complement activation leads to the cleavage of several cascade proteins, including
key proteins such as C3b, which binds to immune complexes, and C5b, which
initiates the assembly of the membrane attack complex C5b-9 (MAC), involved in
death on the one hand and cellular activation on the other (Peterson et al., 2017).
Furthermore, the release of the anaphylactic peptides C3a and C5a recruits inflam-
matory cells and induces inflammation (Rahpeymai et al., 2006; Stevens et al., 2007)
and participates also in neurogenesis (Peterson et al., 2017) and synaptic plasticity
(Stevens et al., 2007; Schafer et al., 2012) through functions analogous to those in
the systemic immune system, the clearance of cellular material “labeled” for its
elimination by phagocytosis (Bialas & Stevens, 2013).

The formation of mature neuronal circuits in the CNS requires the pruning of
inappropriate synapses dependent on neuronal activity during development, and the
complement system intervenes by eliminating weak, immature, or unused synapses
through microglia-mediated phagocytosis (Stevens et al., 2007; Schafer et al., 2012).
In the developing visual system, this process involves microglia-mediated internal-
ization of synaptic structures through complement receptor 3. However, just as the
complement is actively involved in the modeling of a functional neuronal circuit, it
appears to be also involved in chronic inflammatory responses that contribute to
neurodegeneration (Benoit & Tenner, 2011), as will be discussed.

4 The Aging Microglia

A hallmark of brain aging is the increased oxidative stress and lipid peroxidation.
One hypothesis is that the accumulation of free radicals leads to increased
neuroinflammation along with a reduction in growth and antioxidant capacity in
the brain of aged rodents (Godbout et al., 2005). Thus, the increase in inflammatory
responses during aging is, at least partly, the result of alterations in the activation and
function of the microglia.

Aged microglia have a reduced proliferation capacity (senescence) that pro-
gresses toward characteristic morphological changes: a larger soma with numerous
short and less complex ramifications and, eventually, cytoplasmic fragmentation
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resulting in dystrophic microglia. When exposed to injury, cell migration and
phagocytosis of aged microglia as well as the dynamics of their response are
decreased (Hefendehl et al., 2014). These changes on aged microglia suggest that,
rather than becoming overactive, aged microglia become dysregulated and lose the
balance between their protective activity and their cytotoxicity (von Bernhardi et al.
2007, 2015; Cornejo et al., 2018), which often results in maladaptive responses and
chronic inflammation.

Microglial metabolism changes from oxidative phosphorylation to glycolysis,
which results in increased levels of lactate production (Ruqayya et al., 2020). Addi-
tionally, aged mice show the transcriptional profile of activated microglia (Godbout
et al., 2005) with an increased expression of mRNA for pro-inflammatory cytokines,
tumor necrosis factor α (TNFα), interleukin-1β (IL-1β), IL-6, and interferon γ (IFNγ);
decreased anti-inflammatory cytokines, IL-10 and transforming growth factor β
(TGFβ) (Sierra et al., 2007; Frank et al., 2007); and increased pro-inflammatory
receptors, MHC II (Henry et al., 2009) and CD86 (Frank et al., 2006), suggesting a
change into a persistent inflammatory phenotype. Neurons also produce inflammatory
mediators, including eicosanoids, C-reactive protein, amyloid protein, and comple-
ment factors, capable of stimulating the inflammatory response of microglia.

During persistent injury, aged microglia respond with an inflammatory profile,
with high and prolonged production of pro-inflammatory cytokines, reactive oxygen
species (ROS) and reactive nitrogen species (RNS), and lipid mediators (Simon
et al., 2019), driven by the aforementioned metabolic changes, and reduction of
mitochondrial oxidative phosphorylation (Nair et al., 2019). In various aging
models, an exaggerated cytokine response (increased serum TNFα) is associated
with the development of cognitive, behavioral, and physiological impairments
typical of neurodegenerative diseases (Holmes et al., 2009).

Chronic low-level neuroinflammation accompanies brain aging. Microglia-
derived inflammatory factors can damage local tissue and can further increase
inflammation and glial activation, leading to a vicious inflammatory cycle (Cherry
et al., 2014). However, it is still unclear which factors trigger this aging-associated
chronic process.

5 The Aged Microglia in Neurodegenerative Diseases

Inflammation and the age-associated processes described earlier represent potential
pathogenic factors for many CNS pathologies, including chronic neurodegenerative
diseases such as AD or Parkinson’s disease (PD). Activation of microglia is an early
sign that allows a persistent local pro-inflammatory response and often precede neuro-
nal death. Upon activation, aged microglia acquire a series of pro-inflammatory
functions, and increased oxidative stress (von Bernhardi et al., 2015), constituting the
main cellular source of both inflammatory mediators and high levels of reactive oxygen
species (Pawate et al., 2004; Qin et al., 2005; Hayashi et al., 2008; von Bernhardi et al.,
2015), and participating actively in the genesis of neuronal damage like the one
observed in neurodegenerative diseases (von Bernhardi et al., 2015).
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Many authors point to the sustained pro-inflammatory activation of microglia as
the main cause of the neurotoxicity associated with neurodegenerative diseases,
among which AD stands out. Others emphasize “dysregulated” microglia, more
than their inflammatory over-activation, as responsible for neurodegenerative
changes (von Bernhardi et al. 2007, 2015). By not responding adequately to regu-
latory feedback mechanisms and/or through the impairment of their ability to
eliminate harmful agents, microglia lose their ability to handle potentially harmful
compounds and become cytotoxic due to their persistent inflammatory and oxidative
activation (von Bernhardi et al., 2015).

Thus, how harmful is a constantly activated microglia to the brain? The most
likely answer is that microglial regulation is not an activation-inactivation-binary
mechanism, but rather an unbalanced response. From this point of view, it appears
that microglia are neuroprotective against harmful stimuli in the early stages of
activation, but under sustained activation, they could become cytotoxic from the
moment they lose their homeostatic regulation (Eyüpoglu et al., 2003).

Synaptic impairment is an early hallmark of aging and neurodegeneration, pre-
ceding the loss of neurons. The complement has been involved in chronic inflam-
matory responses that contribute to neurodegeneration (Benoit & Tenner, 2011).
Activation of the complement protein C1q has been reported in AD patients and
murine models (Benoit & Tenner, 2011), revealing the role played by complement
proteins in the cell dynamics of the adult and aging brain, and suggesting their role in
neurodegenerative pathology. A significant increase in the C1q level has been
reported in the aging human and mouse brains, mostly localized in synapses in
brain areas that are vulnerable to neurodegenerative processes (Stephan et al., 2013).
On the contrary, adult C1q KO mice show an activity-dependent enhancement of
synaptic potentiation (Stephan et al., 2013). A common factor of both developmental
synaptic pruning and synapse loss in disease is that microglia adopt a highly
phagocytic state. Thus, inflammatory signals that promote reactive microglia may
in turn stimulate the elimination of complement-mediated aged neuronal synapses. It
remains to be elucidated whether complement-dependent microglia-mediated syn-
aptic pruning in neurodegeneration and inflammation represents a true reactivation
of the pruning program occurring during development. This mechanism may pro-
vide insight into the use of complement proteins as biomarkers in early diagnosis
(Hakobyan et al., 2016) or as new therapeutic strategies for neurodegenerative
diseases.

6 Conclusion

Aging involves several morphological and metabolic changes of the brain. Many of
those changes are a consequence of the impairment of the normal functioning of
brain cells and how they deal with stressor stimuli, leading to genetic and epigenetic
changes. Neuron-microglia interactions in a context of chronic inflammation may
promote changes in microglial cell activation and regulation, promoting their
increased reactivity and a cytotoxic activation.
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Numerous studies have identified the role of the complement system in the
elimination of weak, immature, or unused synapses through microglia-mediated
phagocytosis during development, and its participation in chronic inflammatory
responses contributing to neurodegeneration has also been determined, although
the cellular and molecular mechanisms involved are still not entirely clear. It is
proposed that, in aging, inflammatory microglia lead to complement-mediated loss
of neurons, revealing the role played by complement proteins in the cell dynamics of
the adult and aging brain, and suggesting their role in neurodegenerative pathology.

Emerging evidence suggests that under disease conditions, dysregulated micro-
glia may induce structural and functional changes in glial cells along with neuronal
dysfunction, revealing the importance of neuron-glia interactions in the pathophys-
iology of neurological disorders (Ruqayya et al., 2020).

7 Cross-References

▶Mechanisms Underlying Long-Latency Neurodegenerative Diseases of Environ-
mental Origin

▶Microglia: A Critical Cell for Neurodevelopment
▶Neurotoxicity: A Complex Multistage Process Involving Different Mechanisms
▶ Pathogenesis of Alzheimer’s Disease
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